An Evolutionary GEO Transportation System by Markus, Gideon
The Space Congress® Proceedings 1984 (21st) New Opportunities In Space 
Apr 1st, 8:00 AM 
An Evolutionary GEO Transportation System 
Gideon Markus 
Senior System Development Engineer, Me Donnell Douglas Astronautics Company, Huntlngton Beach, 
California 
Follow this and additional works at: https://commons.erau.edu/space-congress-proceedings 
Scholarly Commons Citation 
Markus, Gideon, "An Evolutionary GEO Transportation System" (1984). The Space Congress® 
Proceedings. 4. 
https://commons.erau.edu/space-congress-proceedings/proceedings-1984-21st/session-7/4 
This Event is brought to you for free and open access by 
the Conferences at Scholarly Commons. It has been 
accepted for inclusion in The Space Congress® 
Proceedings by an authorized administrator of Scholarly 
Commons. For more information, please contact 
commons@erau.edu. 
AN EVOLUTIONARY GEO TRANSPORTATION SYSTEM
Gideon Markus,
Senior System Development Engineer
Me Donnell Douglas Astronautics Company
Huntlngton Beach, California
ABSTRACT*
This paper presents the results of an analysis 
of alternative transportation scenarios for 
geosynchronous missions, leading to the 
Identification and evaluation of an 
evolutionary geosynchronous earth orbit (GEO) 
transportation system.
The concept 1s evolutionary 1n that 1t can be 
Initiated from an early capability space 
station by using expendable transfer stages 
(e.g., RAM) and grows Into a fully reusable 
orbit transfer vehicle to accommodate future 
mission requirements and growing space station 
capabilities.
The analysis demonstrates several advantages 
for this concept Including:
1. A transportation cost savings of at 
least $3.3 billion over a 10-year 
period.
2. An evolutionary capability that can 
accommodate actual needs as they 
develop.
3. Increased STS utilization due to
relaxed launch window constraints and 
reduced ground processing time.
The Identified concept 1s based on a 
performance and cost assessment of alternative 
transportation scenarios used to accommodate a 
nominal 10-year GEO missions traffic model. 
The elements that make up each scenario 
Include candidate transfer vehicles (reusable, 
expendable, total transfer, perigee kick 
only), candidate basing (orblter, space 
station), candidate modes of transport to LEO 
(Integral, Independent), and candidate number 
of payloads for each transfer vehicle bound 
for GEO (single, multiple).
*Th1s work was performed for NASA Johnson Space 
Center under contract number NAS9-16715.
INTRODUCTION
Commercial use of space will be greatly 
enhanced 1f the cost of transportation of 
payloads to space can be reduced. To achieve 
low transportation cost 1t 1s essential that 
space transportation options take advantage of 
the combined capabilities of the space 
shuttle, orbital transfer vehicle, and a space 
station. This paper reports results of a 
study performed to determine the operational 
relationships, the mission benefits, and cost 
benefits resulting from alternative 
transportation options that use the space 
station as a staging base for the transfer of 
payloads to higher altitude orbits (I.e. 
geosynchronous) .
The elements that made up each transportation 
option Include candidate orbit transfer 
vehicles (reusable, expendable, total 
transfer, perigee kick only), candidate basing 
(orblter, space station), candidate modes of 
manifest to low earth orbit (Integral, 
Independent), and candidate number of payloads 
for each transfer vehicle bound for GEO 
(single, multiple). Combinations of these 
elements forming a transportation system were 
evaluated for their ability to accommodate a 
nominal 10-year traffic model of payloads 
destined for geosynchronous orbit. The 
evaluation was 1n the form of Impact on 
shuttle flight requirements and recurring 
transportation costs.
The analysis showed that the cost of 
delivering payloads to GEO 1s very dependent 
on certain assumptions, for example, the 
number of payloads carried on each orbit 
transfer vehicle, or the cost of OTV resupply 
propellant. Based on that observation and 
other considerations, an evolutionary orbit 
transfer system was defined. It combines both 
expendable and reusable OTVs that use the 
space station as a staging base and has the 
potential to adapt and grow as requirements 
evolve.
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MISSION MODEL
To provide a common basis for evaluating 
alternative transportation options, a traffic 
model was generated for the 10-year period of 
1992 (assumed space station Initial operating 
capability) through 2001. The sources used to 
synthesize the mission model are listed below:
1. Outside Users Payload Model, Battelle 
Laboratories (Reference 1)
2. 1300.8 Flight Assignment Working 
Manifest, KSC
3. Nominal Energy Upper Stage Mission 
Model, Revision 6, MSFC
4. Space Station Mission Requirements, 
NASA
The data 1n these sources were categorized 
Into four classes on the basis of GEO payload 
weight. Class I defined at 700 kg, Class II 
at 1200 kg, Class III at 2200 kg, and Class IV 
at 4500 kg. These classes correspond to the 
capability of existing and/or planned upper 
stages I.e., PAM-DII, PAM-A, I US, and 
Centaur-G. The data 1n these sources were 
screened to allow only those missions that 
would be candidates for transport using the 
space shuttle. Foreign and domestic payloads 
that are destined to be launched by other 
launch vehicles (e.g. Arlane) were excluded. 
Potential OOD missions were also excluded.
Figure 1 presents the resulting traffic 
distribution. It 1s Interesting to note that 
approximately 50% of the mission payloads are 
1n the Class I category I.e., a payload mass 
of 700 kg. An additional 20% of the missions 
are 1n the Class II category (1200 kg). The 
annual payload traffic rate averages about 16 
payload deliveries per year.
It should be noted that this payload mass 
traffic trend 1s strongly Influenced by the 
perception of current payload designers as to 
the capabilities of existing upper stages. It 
1s safe to say that 1f existing capabilities 
were greater, larger payload designs would be 
generated and these designs might result 1n 
shifting the payload mass distribution to a 
higher value norm. However, this tendency may 
be counteracted by the emergence of 
requirements from developing countries for 
whom the smaller payloads are sufficient.
In addition to the payload mass, Its 
dimensional characteristics are also Important 
because they Influence the reimbursement fee 
charged by the shuttle transportation system. 
Based on a survey of current payloads, the 
dimensional characteristics shown 1n Figure 2 
were selected for each class of missions.
CANDIDATE SCENARIOS
In current transportation scenarios, the space 
shuttle 1s the staging base for GEO bound
payloads. It carries the mission vehicle to 
LEO (low Earth orbit) (typically 160 nm1); 
after an appropriate time 1n LEO, the mission 
vehicle consisting of an expendable transfer 
vehicle and GEO satellite 1s deployed from the 
orblter under the control of a mission 
specialist. After an appropriate separation 
distance 1s achieved, the mission vehicle 
performs the transfer to GEO, and the orblter 
1s free to return to Earth. This scenario 
places several demands on the space shuttle 1n 
the form of launch-window constraints, time 
spent on orbit, and manifesting of payloads 
with like Injection requirements, which can 
limit the effectiveness of the shuttle by 
reducing Its load factor and complicating the 
operational planning.
The potential availability of a space station 
affords new and modified transportation 
scenarios. The elements that make up each 
scenario are Illustrated 1n Figure 3, and 
Include candidate transfer vehicles (reusable, 
expendable, total transfer, perigee kick 
only), candidate modes of transport to low 
Earth orbit (Integral, Independent), and 
candidate number of payloads per transfer 
vehicle bound for GEO (single, multiple). 
Combinations of these elements were formulated 
Into transportation system options which are 
described 1n the following subsections.
Space Station Staging - Expendable OTV
The current mode of delivering payloads to 
higher-energy orbits 1s to use expendable 
upper stages that are deployed (I.e., staged) 
out of the orblter. Figure 4 Illustrates four 
such upper stages. The PAM-type stages 
provide only the velocity Increment (AV) to 
Inject Into the geotransfer orbit, 
necessitating that an apogee kick function be 
provided by the payload (I.e., satellite). 
The Centaur and IUS provide a total transfer 
capability, I.e., perigee and apogee kick 
functions.
Using the Payload Assist Module (PAM) system 
for the purpose of Illustration, Figure 5 
shows a concept for space station deployment 
which could be Implemented on an early space 
station Inasmuch as 1t has minimal Impact on 
the station. The following describes two 
operational scenarios that could be utilized 
for space station deployed PAMs. This first 
1s called an "Integral launch," I.e., the 
payload and PAM are mated at KSC and 
transported to the station as an Integral 
package. The second 1s called an "Independent 
launch,", I.e., the payload and PAM are 
transported 1n separate shuttles to the 
station for later Integration.
Integral Launch
Figure 6 presents a top-level functional flow 
for the space station deployment of a PAM
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using the Integral launch scenario. The KSC 
ground operations consist of Independent RAM 
and spacecraft preparation 1n support of 
receiving, Inspection, and vehicle checkout. 
The two elements are subsequently mated and 
readied as a passive cargo element of the 
shuttle orblter. These KSC ground operations 
differ from the current mode of RAM deployment 
1n two ways. First, the spin table ASE 1s 1n * 
orbit on the space station. Therefore, the 
associated ASE preparation and PAM/ASE mating 
operations are eliminated from the KSC ground 
operations. Secondly, the mated 
RAM-spacecraft combination Is a passive cargo 
element of the shuttle thereby eliminating 
costly cargo Integration testing. Multiple 
units (up to five) could be carried 1n a 
single cradle 1n the orblter bay, as 
Illustrated 1n Figure 7. When five PAMs and 
their associated payloads are carried, a 100% 
load factor 1s achieved for that launch. The 
center of gravity (CG) of this orblter payload 
1s within the allowable CG envelope.
On-orb1t, the PAM, with Its payload, 1s mated 
to the spin table (shown 1n Figure 8) which 
resides at the space station. One end of the 
table Interfaces with a space station docking 
port, the other end Interfaces with the PAM 
support structure. To eliminate the necessity 
of pointing the space station for deployment 
orientation, the spin table Includes 
positioning jack screws and rotating gear that 
provide the required pointing. The major 
difference between the standard PAM and that 
deployed from the station 1s that the support 
structure (shown 1n Figure 9) Incorporates a 
mateable Interface mechanism used to Interface 
with the spin table. The support structure 1s 
returned to KSC for reuse. The on-orb1t 
operations for deployment of the PAM from the 
station are Identified 1n Figure 10. A 
t1mel1ne of the activities 1s presented 1n 
Figure 11. The hours reflect preplanned tasks 
and a high degree of automation; they do not 
Include any unscheduled servicing or 
maintenance and EVA preparation activities. 
There are several reasons why the on-orb1t 
operations require significantly fewer 
man-hours than similar operations at KSC. The 
ASE used to deploy the PAM 1s now a permanent 
fixture of the space station, and does not 
have to be torn down, reassembled, and 
extensively retested after each launch. The 
operational environment 1s benign, and there 
are no ascent or landing loads, as would be 
the case when 1t 1s carried 1n the orblter. 
In addition, current experience with automated 
checkout, such as for the power-up and 
power-down operations on the orblter, 
Indicates that automation can reduce man-hour 
requirements by a factor of 4 or 5. Another 
major saving 1s realized by eliminating the 
time-consuming transportation/logistics 
function necessary for operations 1n a 1-g 
environment.
Independent Launch
Figure 12 presents a top-level functional flow 
for the space station deployment of a PAM, 
assuming that the PAM and Its payload are 
transported Independently to the space 
station. In this scenario, multiple PAMs, 
without spacecraft, are carried In a cradle V 
the orblter bay, as Illustrated 1n Figure 13. 
When eight PAMs are carried, a 100% STS load 
factor 1s achieved on that launch. The CG of 
this orblter payload 1s within the allowable 
CG envelope. The payloads to be mated to the 
PAMs can be launched either singly on the 
basis of "payloads of opportunity" or 1n 
clusters, depending on availability. The 
Independent launch scenario realizes the same 
KSC ground operations savings Identified for 
the Integral launch.
The on-orb1t launch configuration of the 
Independent manifest transportation option 1s 
similar to that of the Integral launch. The 
only difference between this configuration and 
that for the Integral launch 1s the 
Incorporation of an Interface mechanism 
between the PAM and spacecraft, replacing the 
standard payload attach fitting. This 
Interface mechanism (composed of a male and a 
female segment) 1s used to enable easy mating 
of the elements on orbit. The deployment 
sequence 1s similar to that shown 1n 
Figure 9. The on-orb1t operations for the 
Independently manifested transportation 
options are highlighted 1n Figure 14, and the 
corresponding tlmeHne 1s given 1n Figure 15. 
The additional task of mating the Individual 
elements on orbit does not add to the EVA 
hours Identified for the Integral launch, 
because of more complete use of the EVA 
man-hours that are available as a result of 
using the buddy system (I.e., two crewmen for 
each EVA). In the Integral launch, the two 
crewmen on EVA are not fully used. One of tht 
EVA crewmen 1s often just an observer, who 1s 
there for safety reasons.
Space Station Staging - Reusable Transfer 
Vehicle
The combination of space station and a 
reusable transfer vehicle may be considered to 
be a growth version of the transportation 
options. There are currently several 
candidates for a reusable transfer vehicle as 
Illustrated 1n Figure 16. The reusable 
perigee kick stage provides only the Injection 
Into geosynchronous transfer, leaving 1t up to 
the payload to Inject Itself Into the 
geosynchronous orbit. The scenario 1s very 
similar to that currently employed by the PAf 
system, with the obvious difference that the 
perigee kick stage returns to the station for 
reuse. The other three candidates shown 1n 
Figure 16 provide the total transfer required, 
I.e., both perigee and apogee maneuvers. The
7-49
relative performance of these three total 
transfer reusable vehicles has been examined 
previously 1n Reference 2. It was shown that 
for delivery of payloads to GEO two-stage 
reusable and aero-assisted reusable transfer 
vehicle were about equal 1n cost 
effectiveness, and both were better than a 
single-stage reusable. The reusable perigee 
kick stage and the reusable two-stage transfer 
vehicle were selected as representative and 
will be used for comparison with the 
expendable transfer vehicle options.
Reusable Total Transfer Vehicle
Figure 17 Illustrates a concept for a 
space-based, two-stage reusable orbital 
transfer vehicle. This concept reflects a 
growth 1n station capability, not only 1n Us 
scientific objectives, but also 1n support of 
space operations, which now Include propellant 
storage and transfer capabilities. The two 
stages are Identical by design so as to 
minimize development costs.
Propellant for resupply of the ROTV 1s 
transported 1n a tanker module, as Illustrated 
1n Figure 18. It can be sized to supply one 
ROTV mission's worth of propellant. This 
allows a usable volume and weight capability 
for Including other payloads destined for the 
space station. It thereby enhances the 
possibility for manifesting the orblter to Its 
full capability. As an example, a two-stage 
ROTV sized to deliver 4500 kg to GEO requires 
13,140 kg of propellant per mission. Allowing 
for the structural weight of the tanker 
module, the discretionary payload 1s on the 
order of 12,000 kg. The tanker module could 
also be plumbed to the external tank to take 
advantage of any residual propellants 
available from scavenging. The CG for the 
resupply mission 1s within the allowable cargo 
CG envelope.
The deployment sequence of a two-stage ROTV 1s 
Illustrated 1n Figure 19. The first stage 
mechanically separates from the ROTV-stat1on 
Interface adapter. When a safe separation 
distance has been achieved, the first stage 
Ignites to provide part of the AV to achieve a 
geosynchronous transfer orbit. The second 
stage then separates mechanically from the 
Stage 1-to-Stage 2 Interface. Stage 1 with 
that Interface relgnltes and returns to the 
station. The second stage Ignites to complete 
the perigee kick maneuver. After coasting to 
apogee at geosynchronous altitude, the second 
stage relgnltes to circularize the orbit,and 
the payload 1s separated. The second stage 
subsequently returns to the station. A 
t1mel1ne for the deployment activities at the 
space station 1s presented 1n Figure 20. The 
man-hour estimates for the IVA and EVA tasks 
are based on performing only preplanned tasks 
and a high degree of automation. They Include 
one module exchange but exclude repair or
maintenance activities, and pre- and post-EVA 
events, such as prebreathlng donning of suits, 
suit cleaning and servicing, etc. The crew 
work days equate to 8 hours for IVA and 6 
hours for EVA. When EVA crewmen are outside, 
the IVA crewman will function as an Inside 
observer, as well as a test conductor.
Reusable Perigee Kick Stage
Figure 21 presents an alternative scenario 
employing a single-stage reusable perigee kick 
stage (RPKS). In this case the RPKS provides 
the AV for Injection Into geosynchronous 
transfer. After payload separation, the RPKS 
returns to the station for turnaround 
activities. The payload provides the apogee 
maneuver for Insertion Into geosynchronous 
orbit. The t1mel1ne for the activities at the 
space station 1s presented 1n Figure 22. 
Inasmuch as there 1s only one stage to be 
handled, the required man-hours are reduced by 
about 20%.
EVALUATION OF CANDIDATE OPTIONS
The candidate transportation options were 
evaluated by comparing their performance 
effectiveness, as measured by the required 
number^of support shuttle flights, and cost 
effectiveness. In addition to the space-based 
options, an orblter-based option utlUzng 
expendable OTV was Included 1n the evaluation 
since 1t reflects the current way of doing 
business. Accommodating the nominal 10-year 
GEO delivery traffic model was Imposed on all 
options .
Performance Evaluation
The performance of the Individual 
transportation options may be characterized by 
the requirements they Impose on the shuttle, 
I.e., the required transport weight to LEO 
and/or number of shuttle launches 1n support 
of the selected payload traffic model. For 
the transportation options using expendable 
transfer vehicles, the traffic model was 
assumed to be accommodated by existing 
expendable upper stages, I.e., PAM-A, PAM-D, 
IUS, and wide-body Centaur. The resulting 
shuttle transport requirement 1n terms of mass 
Into LEO 1s shown 1n Figure 23. The solid 
bars 1n the figure reflect the delivery of one 
GEO payload at a time, where each payload 1s 
matched to the correct transfer vehicle. As 
an example, a 700-kg payload 1s delivered by a 
PAM-D, while a 2200-kg payload 1s delivered by 
an IUS. As one might expect, the total weight 
to be carried by the shuttle to LEO does not 
differ greatly for a GEO payload delivery 
transportation option using orblter versus one 
that 1s staged off the space station. The 
dashed bar shows the launch weight required 
with the use of a Centaur vehicle that can 
carry multiple payloads up to Its design 
capability. Utilizing this transportation
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scenario the required mass to be transported 
by the STS to LEO 1s reduced by about 400,000 
kg. Figure 24 shows a typical vehicle 
manifest for multiple payload delivery. It 
can be seen that the number of payloads varies 
from one per flight up to four per flight.
One cannot, however, directly relate the 
required shuttle transport weight requirement 
Into the number of shuttle flights charged. 
The current reimbursement guide for shuttle 
rides dictates that the payload will be 
charged according to weight or volume 
(length), depending on which 1s the more 
demanding. In addition, when a payload uses 
75% of the shuttle capability or more, 1t 1s 
charged for 100% of a shuttle flight. The 
Impact of this fee structure 1s Illustrated 1n 
Figure 25, which Identifies the percentage of 
shuttle capability required to support 
deployment of Class I (PAM-D II) payloads 1n 
an Integral versus Independent transport mode 
to LEO. In the Integral manifest mode, the 
total weight fraction dominates (I.e., 19% of 
STS capability). In the Independent mode, the 
charge for the PAM-D II motor Is the same, 
based on weight or length (I.e., 12% of STS 
capability). The payload, however, being much 
less dense, has Its length characteristics 
dominate the charging fee (I.e., 16% of STS 
capability). As a result, the total for 
transporting the elements Independently 1s 
greater than for transporting them as an 
Integral unit. The associated effect on the 
number of shuttle flights charged to support 
the Class I payload traffic 1s shown 1n Figure 
26. There 1s an 8% reduction 1n the number of 
flights required for the station-based 
deployment Integral manifest over that 
required by the orblter-based requirement, due 
to the elimination of the spin table ASE that 
no longer 1s carried aboard the orblter.
The resulting number of STS flights required 
to support each candidate transportation 
option,using expendable transfer vehlcle(s) 1s 
shown 1n Figure 27. When limiting the 
transport vehicle to a single payload per 
mission, the space based option using a mix of 
OTVs and an Integral LEO launch mode 1s most 
efficient requiring 74 STS support flights. 
For the case of multiple payloads per OTV, 
using the wide-body Centaur G, the space-based 
and orblter-staged options are most efficient 
requiring only 59 STS support flights. The 
Independent LEO launch mode pays a heavy 
penalty due to Inefficient use of orblter 
capability.
For the transport options that utilize a 
reusable transfer vehicle, the dominant STS 
transportation requirement 1s for propellant. 
This 1s Illustrated 1n Figure 28. The launch 
requirement Identified 1n this figure 1s based 
on having multiple payloads (up to four per 
mission) deployed on one transfer vehicle 
flight. Comparing these requirements to that
associated with the expendable Centaur 
carrying multiple payloads (see Figure 23), 1t 
can be seen that all, except the single-stage 
ROTV, require less launch weight to be 
transported to LEO. The saving Is about 
380,000 kg over the 10-year traffic model.
The number of STS flights required to support 
space-based reusable OTV 1s 94 and 68 for the 
two-stage ROTV and one-stage RPKM, 
respectively, when they deliver a single 
payload to GEO on each mission. The value 1s 
reduced to 70 and 60 respectively when they 
deliver multiple payloads to GEO. It should 
be noted that for the space-based reusable OTV 
options the GEO payloads are transported 
Independently and therefore Impose a penalty 
on the number of shuttle flights charged.
Economic Evaluation
The following discussion presents an economic 
evaluation, 1n terms of recurring operational 
costs, of the alternate transportation system 
options. The recurring cost for transporting 
payloads to GEO 1s composed of:
A. Cost of transfer vehicle hardware 
B. Cost of launch operations for
transfer vehicle 
C. Cost of transporting payloads,
transfer vehicle, and or propellant 
to low Earth orbit via STS.
In defining the cost of the transfer vehicle 
hardware and launch operations, the following 
data were used:
Hardware 
Cost
(Million 
Dollars)
PAM-D
PAM-A
IUS
Centaur
2-Stage
RPKM
G
ROTV
6 +
10 +
35
55
5.85
3.25
(*)
<*)
* (
Launch 
Operations 
(Million 
Dollars)
Included 
Included 
10 (ground) 
5 (ground) 
18 (on-orblt) 
10 (on-orb1t)
*Cost of apogee kick motor function (AKM) 
equal to $3 million for spacecraft Class I, $6 
million for Class II, $9 million for Class 
III, and $19 million for Class IV.
The hardware cost for the two-stage reusable 
transfer vehicle and one-stage reusable 
perigee kick motor assumes that these vehicles 
can be used for 20 missions. The estimate for 
the cost of launch operations Includes the 
manpower to support prelaunch and postlaunch 
operations, mission analysis, maintenance and 
refurbishment, and mission control. For the 
reusable transfer vehicles, these operations 
would be divided between the ground and the 
space station, based on cost effectiveness. 
The cost estimates for the reusable transfer 
vehicle launch operations are based on
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amortizing the total space station cost 
(procurement plus operations) over the 
available crew time resource. If only the 
recurring operations costs of the station were 
to be amortized, these costs would be reduced 
by 40X.
Combining the Individual cost elements for the 
condition of slngle-payload delivery to GEO 
per transfer vehicle flight results 1n the 
data shown 1n Figure 29. It 1s estimated that 
the use of a reusable perigee kick stage 
delivering a single payload can save about 
$1.5 billion over an expendable system for the 
10-year program. There 1s a small economic 
gain (about $600 million) achieved by 
switching the deployment of expendable upper 
stages to the space station 1f the upper stage 
and Its payload are transported Integrally to 
the station. If they are transported 
Independently, the current fee schedule for 
STS results 1n a penalty, and the total cost 
1s $1.4 billion higher than for the current 
orblter deployment mode. The two-stage R01V 
1s also not cost efficient when 1t 1s used to 
deploy single payloads due to Us $18 million 
cost of orbital launch operations for each 
flight. If only recurring space station costs 
were to be amortized, the launch operations 
cost of the two-stage ROTV would be reduced to 
$11 million per flight. As a result, the 
two-stage ROTV option (4A on Figure 29) would 
have a transportation cost of $10.7 billion. 
Correspondingly, the cost for the RPKM option 
(5A on Figure 29) would be reduced to $8.2 
billion.
Figure 30 compares these same candidates but 
assumes that the transfer vehicle 1s used to 
carry multiple payloads to GEO (a maximum of 
four per flight). In this case, the 
expendable transfer vehicle 1s the Centaur G. 
The reusable perigee kick stage 1s again most 
cost effective. However, due to the greatly 
reduced number of OTV flights (163 for single 
payloads versus 59 for multiple payloads), the 
two-stage ROTV 1s not far behind. The use of 
a Centaur with Independent manifesting of 
payloads to the space station 1s least cost 
effective. This transportation system option 
carries the dual burden of an expensive 
expendable upper stage and a penalizing STS 
utilization fee for the.transport of the 
payloads and Centaur.
It 1s obvious from these data that deploying 
multiple payloads from a single transfer 
vehicle makes economic sense. However, the 
commercial and logistic practicality may 
obviate such an operating mode. It was, 
therefore, decided to examine hybrids of the 
candidate transportation options. These 
hybrid options utilize a combination of 
expendables and reusable transfer vehicles and 
are staged from the space station. Based on 
an examination of the nominal traffic model, 
1t 1s apparent that over half of the payloads
are 1n the PAM-D and PAM-A class. These 
expendable upper stages are relatively 
Inexpensive and can be packaged and launched 
efficiently as an Integral unit (less ASE) 1n 
the STS. Utilizing these expendables to 
deliver the 700- to 1200-kg class payloads and 
a reusable OTV to deliver the 2200- to 4500-kg 
class payloads results 1n the STS support 
flights requirements shown by the dashed bars 
1n Figure 31. In the subcase of multiple 
payloads to GEO, the reusable transfer 
vehicles deliver a maximum of two payloads to 
GEO (I.e., two 2200-kg payloads or one 4500-kg 
payload). It can be seen that the number of 
STS support flights required for the hybrid 
transportation option 1s comparable to the 
best of the other options. Figure 32 compares 
the transportation cost of the hybrid options 
to the other candidates. The hybrid concepts 
are more cost effective when comparing cases 
of slngle-payload delivery to GEO. When 
comparing cases of multiple payloads delivered 
to GEO, the costs for options 4 through 7 are 
about the same. But the hybrid options may be 
more feasible because they only carry a 
maximum of two payloads on a single flight.
As often mentioned, additional cost saving 
potential for the transportation system 1s the 
use of scavenged residual external tank 
propellant. Figure 33 Illustrates that cost 
saving as the cross-hatched segment of the 
bars. The underlying assumptions are that 
sufficient STS flights will be destined to the 
space station to provide all the propellant 
required by the reusable transfer vehicle, and 
that scavenging of external tank residuals 1s 
feasible. If these assumptions prove to be 
true, a reusable transfer vehicle option with 
multiple payload delivery of up to four 
payloads to GEO 1s most cost effective. When 
delivering a single payload to GEO, the hybrid 
concepts and reusable perigee kick stage 
concept have the lowest cost ($6.3 billion to 
$6.4 billion). The two-stage total transfer 
transportation cost 1s $7.2 billion. The 
least-cost expendable option, using 
space-station deployment and Integral launch 
to LEO, 1s $9.8 billion.
When delivering multiple payloads to GEO, the 
two-stage total transfer reusable OTV 
delivering up to four payloads 1s lowest 1n 
cost at $4.7 billion. The best hybrid, which 
delivers only two payloads on a mission, has a 
transportation cost of $5.9 billion. The 
expendable Centaur delivering multiple 
payloads has a cost of $8.9 billion.
CONCLUSIONS
Several transportation system options that 
utilize the space station as a base for 
delivery of payloads to GEO were examined. 
These options, Identified 1n Figure 34, were 
compared to each other as well as to the 
reference case, which uses the orblter as the
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staging base. Factors evaluated Included 
Impact on KSC flow, STS traffic, load factor, 
and the cost effectiveness of each 
transportation system option.
With respect to KSC flow, 1t was determined 
that utilizing the space station as a staging 
base could lead to a reduction of 3000 
man-hours off-line and an additional 475 
man-hours on-Hne. The effect 1s to reduce 
STS launch cost by 10%. These reductions 
result from (1) eliminating the recurring 
ground processing of transfer vehicle orblter 
deployment ASE and (2) making the cargo 
element a passive and Inactive payload within 
the orblter cargo bay, thereby eliminating the 
CITE-type testing.
The number (as shown 1n Figure 32) of STS 
flights to support the traffic model 1s 
minimized by having the transfer vehicle 
deliver multiple payloads to GEO on each 
transfer vehicle mission. The actual number 
of STS flights varies depending on 
transportation system option. Fifty-nine 
flights are required for the orblter staging 
case, when utilizing the wide-body Centaur to 
carry a maximum of four payloads. For the 
space-station staging system options, the 
number ranges from 58 STS flights, using a 
hybrid of expendable transfer vehicles (I.e., 
PAMs) and a reusable perigee kick stage that 
carries a maximum of two payloads, to 64 STS 
flights for the system using a two-stage ROTV 
that carries a maximum of four payloads. The
;e of a Centaur for multiple payload delivery
,t manifesting stage and payload 
independently 1s an anomaly requiring a high 
of 94 STS flights. This Is a result of the 
loaded Centaur plus ASE (19,000 kg) utilizing 
69% of STS capability but having to be charged 
with 93% (based on 100% charge for 75% usage).
The cost of transporting the traffic model 
(shown 1n Figure 32) follows the same trend, 
I.e., delivery of multiple payloads results 1n 
the least cost. The reusable perigee kick 
stage used to deliver a multiple of up to four 
payloads 1s least costly at $6.8 billion when 
propellant transportation charges are 
Included. The hybrid concept necessitating 
only two payloads per reusable transfer 
vehicle has a cost of $7.1 billion. The 
potential for free propellant as a result of 
scavenging external-tank residuals makes
reusable transfer vehicles even more 
attractive as shown 1n Figure 33. With zero 
charge for propellant transportation, the 
two-stage total transfer reusable OTV has the 
least cost of $4.7 billion, when used to 
deliver multiple payloads to GEO.
Based on these findings 1t 1s concluded that a 
space based (at least partially reusable) GEO 
transportation system offers the potential for 
significant reductions 1n the cost of 
delivering payloads to GEO. However, there 
are several factors that must yet be evaluated 
Including the following:
A. The actual potential for and cost of 
using scavenged (and payload topping 
equivalent) orblter external tank residual 
propellant for a reusable OTV.
B. The reallzeable potential for 
manifesting multiple payloads on GEO-bound 
OTVs.
C. The definitive costs of ROTVs (two 
stage, aero assist, perigee kick). These 
Include development and recurring operations 
and hardware costs.
D. The requirement for return of payloads 
from GEO for servicing and or repair.
In face of these uncertainties, the 
recommendations of this paper are to have an 
evolutionary GEO transportation system (Figure 
35) as follows:
A. Initiate the transfer of the 
deployment base from orblter to space station 
by Incorporating Into Its early capability 
deployment of expendables stages for low-mass 
payloads ( 1200 kg).
B. Expand the capability by Implementing 
a reusable perigee kick stage for larger mass 
payloads.
C. Continue growth by making the reusable 
perigee kick stage a two-stage reusable or 
aero-asslst OTV, depending on future needs.
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FIGURE 1 VGF911
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Class III 
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Class IV 
4500
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Missions
Total P/Lf 
Mass 
(kg)
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9
4
3
2
18
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8
3
3
1
15
20,300
1994
12
5
4
2
23
32,200
1995
8
3
3
1
15
20,300
1996
7
3
3
1
14
19,600
1997
7
3
3
1
14
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1998*
8
3
3
2
16
24,800
1999*
8
3
3
2
16
24,800
2000*
8
3
3
2
16
24,800
2001*
8
3
3
2
16
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83
33
31
16
163
237,900
s
'Extrapolation
fExcludes apogee kick motor
FIGURE 2 VGF616
TYPICAL SPACECRAFT DIMENSIONS
--J
01 
Ul
9ft 14ft
14ft
f
{
II
\
J
III
J
14ft
TORS
\
I/I
N
Payload
Class
IV
26ft
FIGURE 3 VGK446
SPACE BASED GEO TRANSPORTATION
SYSTEM OPTIONS
OTV Type
Centaur G IUS
PAM-A/D
Expendable
2 Stage 
Total Transfer
Single-Stage 
Perigee Kick
V V
Reusable
LEO 
Launch Mode
Integral
Independent
Payloads/OTV
's/cY'
I
L.
Integral AKM
! SatelliteSatellite 
'No. 3 'No. 2
Independent AKM
COin
FIGURE 4
CANDIDATE EXPENDABLE VEHICLES
VGJ049
DOUGLAS
»>J 
01
TOTAL ORBIT TRANSFER
CENTAUR G IUS
PERIGEE KICK
PAM-A
PAM-D
Propellent (kg) 
Stage (kg) 
ASE (kg)
Payload Into GEO (kg)
13,500
16,450
3,330
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FIGURE 33
COST OF TRANSPORTING PAYLOAD TO GEO VGJ386
(10- YR PROGRAM, 163 PAYLOADS)
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GEO TRANSPORTATION SYSTEM OPTIONS
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